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Abstract

Disulfide constrained peptides (DCPs) show great potential as templates for drug discovery.
They are characterized by conserved cysteine residues that form intramolecular disulfide
bonds. Taking advantage of phage display technology, we designed and generated twenty-
six DCP phage libraries with enriched molecular diversity to enable the discovery of ligands
against disease-causing proteins of interest. The libraries were designed based on five DCP
scaffolds, namely Momordica charantia 1 (Mch1), gurmarin, Asteropsin-A, antimicrobial
peptide-1 (AMP-1), and potato carboxypeptidase inhibitor (CPI). We also report optimized
workflows for screening and producing synthetic and recombinant DCPs. Examples of novel
DCP binders identified against various protein targets are presented, including human IgG
Fc, serum albumin, vascular endothelial growth factor-A (VEGF-A) and platelet-derived
growth factor (PDGF). We identified DCPs against human IgG Fc and serum albumin with
sub-micromolar affinity from primary panning campaigns, providing alternative tools for
potential half-life extension of peptides and small protein therapeutics. Overall, the molecu-
lar diversity of the DCP scaffolds included in the designed libraries, coupled with their dis-
tinct biochemical and biophysical properties, enables efficient and robust identification of de
novo binders to drug targets of therapeutic relevance.

Introduction

Since the development of insulin therapy in the 1920s, peptides have been pursued for a variety
of applications in both biotechnology and therapeutics. To date, more than 80 peptide thera-
peutics have been approved to treat a wide range of diseases, including cancer, osteoporosis,
diabetes, multiple sclerosis and chronic pain [1, 2]. Peptides represent a distinctive class of
pharmaceutical entities with their size fitting between small molecules and proteins, and they
present unique biochemical, biophysical and pharmaceutical properties. The effectiveness of a
given drug is also highly dependent on its intrinsic pharmacokinetics. Due to their small size,
peptides and small proteins are usually rapidly eliminated from circulation as a result of
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metabolism and renal filtration [3]. To overcome this shortcoming, strategies have been devel-
oped to extend their in vivo half-life, including engineering peptides to interact with human
plasma proteins (human IgG Fc or serum albumin), to delay renal clearance and intracellular
catabolism [4]. For example, the long-acting insulin molecule detemir (Levemir®)) was devel-
oped through fatty acylation of the e-amino group of lysine B29 (which was designed to
replace Thr-30 in native insulin) [5, 6]. This insulin analogue demonstrated a prolonged dura-
tion of action in vivo, most likely via binding to human serum albumin [7]. Recent identifica-
tion of novel plasma protein binding peptides has greatly expended the toolbox of half-life
extension for peptides and small proteins [8-10].

Cystine-knot peptides (CKPs), a subgroup of disulfide constrained peptides (DCP), usually
contain 30-40 amino acid residues with conserved cysteines forming intramolecular disulfide
bonds arranged in a knotted conformation (Cys I-Cys IV, Cys II-Cys V, Cys III-Cys VI con-
nectivity). CKPs have gained much interest as attractive templates for drug discovery due to
their hypervariable loops between the disulfide bonds, as well as remarkable chemical, thermal,
and proteolytic stability owing to their constrained structures [11-17]. Naturally occurring
DCPs/CKPs demonstrate a wide range of pharmacological activities [14, 18]. For example, two
DCP-based drugs, Ziconotide [19, 20] (for treatment of severe chronic pain) and Linaclotide
[21] (for treatment of constipation-predominant irritable bowel syndrome/chronic idiopathic
constipation) have been developed utilizing their native pharmacologic activities. The high
diversity in amino acid composition present in the loop regions flanking the conserved cyste-
ines, which are responsible for their pharmacological activities, indicates that novel bioactive
features could be developed through modification of the native sequences in these regions.
This strategy has been adapted to engineering DCP variants to target kinases, proteases,
GPCRs, growth factors, and protein-protein interactions through substituting the loop regions
with known linear bioactive epitopes [22-28]. However, this strategy does not offer an effective
way to systematically replace the amino acid composition in each loop in a high throughput
fashion, therefore suffers from low efficiency and high failure rates. To circumvent this issue, a
recent study demonstrated the use of mRNA display to discover potent FXIIa inhibitors from
a library based on the DCP scaffold Momordica cochinchinensis trypsin inhibitor-II (MCo-
TI-II) [29]. Development of more de novo DCP libraries with high diversity will greatly expand
the utility of DCPs in drug discovery.

Phage display [30-32], a technique involving the display of peptide libraries on the surfaces
of bacteriophage (as fusions to the major (pVIII) or minor (pIII) bacteriophage coat protein),
is a robust tool for high-throughput screening of different target-specific ligands. The tech-
nique allows for the construction of completely randomized peptide libraries which can be
decoded by DNA sequencing. Due to its time-efficient and effective features, phage display
based library selection has become one of the most prevalent screening technologies in both
basic research and therapeutics [33]. To meet the demand, peptide phage libraries have been
developed and utilized to identify target binding peptides [34]. The DCP family offers an
attractive opportunity for phage library construction with high diversity. Taking advantage of
the loop regions of these peptides, we have previously engineered phage libraries using eight
DCP scaffolds as templates, including EETI-II (loop 1, 5, or 1/5 randomized), AVR9 (loop 4
randomized), Circulin-A (loop 4 randomized), conotoxin-MVIIA (loop 2 randomized),
Huwentoxin (loop 2 randomized), Charybdotoxin (loop 1/2/3, loop 4, or C-term + loop 3/4/5
randomized), cellulose binding protein (CBD) (loop 1/3 or N-term + loop 3 randomized), and
CBD amylose (loop 1/3 or N-term + loop 3 randomized) [35, 36]. Six out of the eight DCPs
are CKPs, while CBD and CBD amylose, containing only four cysteines, do not form knotted
conformation. These DCP phage libraries were used to identify binders against different pro-
tein targets successfully [35, 36]. Here, we expanded the molecular diversity of the DCP phage
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libraries through engineering additional 26 new DCP phage libraries based on five different
DCP scaffolds, namely Momordica charantia 1 (Mchl) [37], gurmarin [38], Asteropsin-A [39],
antimicrobial peptide-1 (AMP-1) [40], and potato carboxypeptidase inhibitor (CPI) [41].
Together with previously developed DCP phage libraries, the new set of libraries provide an
efficient and robust approach to identify binders from multiple DCP scaffolds that possess dis-
tinct biochemical and biophysical properties. Furthermore, to facilitate DCP production, we
optimized methods to produce synthetic or recombinant DCP binders. Using this new plat-
form, we sought to discover peptides binding to human plasma protein to extend the half-life
of peptides and small proteins. In this study, we have discovered a series of DCP variants that
bind to human IgG Fc or human serum albumin with sub-micromolar affinity, as well as bind-
ers against human vascular endothelial growth factor-A (VEGF-A) and platelet-derived
growth factor (PDGF). The human plasma protein binding DCPs demonstrate great specificity
and good stability in human serum. The identification of these DCP binders showcases the
versatility of the platform, and offers alternative solutions for potential half-life extension of
peptides and small protein therapeutics.

Materials and methods
DCP phage library design and construction

The DCP phage libraries were generated as previously described [35, 36]. Five naturally occur-
ring DCPs (Mchl, gurmarin, Asteropsin-A, AMP-1 and CPI) were selected as scaffolds for dis-
play on the surface of M13 bacteriophage. Each DCP was fused via the C-terminus to the N-
terminus of M13 major coat protein (pVIII), with a gD (HSV-2 envelope glycoprotein D)-tag
fused to the N-terminus of the DCP sequence. To prevent introduction of extra Cys within the
loop region, libraries were generated with trinucleotide oligos where residues denoted with
“X” were replaced with equimolar of 19 amino acids (Cys excluded) [36]. The extended DCP
phage libraries contain 13 DCP frameworks as shown in S1 Table of S2 File.

Design and construction of the fusion DCP protein expression plasmids

For constructing the fusion DCP protein expression plasmids, a modified pST239 vector with
a STII secretion signal for periplasmic targeting was utilized (Genentech). The parental plas-
mid which was used for inserting the DCP of interest has an N-terminal His(6) and a soluble
fusion tag corresponding to either MBP, SUMO or Ubiquitin followed by a TEV protease cut-
ting site. Primers encoding the DCPs (Integrated DNA Technologies, Inc.) with codons opti-
mized for E. coli expression were then sub-cloned into the vector such that the TEV
recognition sequence (ENLYFQ/G) was followed immediately by the DCP sequence.

Recombinant expression and purification of the fusion DCP proteins

Plasmids were transformed into 44H9 strain (developed in Genentech, used to generate
recombinant proteins with disulfide bonds) [15, 17] and 4 mL overnight cultures were grown
at 30°C in LB media with 50 pg/mL carbenicillin in 24-well UNIPLATE round bottom blocks
(E&K Scientific). For overexpression, 4 mL cultures of soy C.R.A.P. phosphate limiting media
(3.57 g (NH,4),S0,, 0.71 g Na citrate-2xH,0, 1.07 g KCl, 5.36 g Yeast Extract (certified), 5.36 g
HycaseSF-Sheffield, pH adjusted with KOH to 7.3, volume adjusted to 872 mL with deionized
water and supplemented with 110 mL 1 M MOPS, pH 7.3, 11 mL 50% glucose, 7 mL 1 M
MgSO,) with 50 ug/mL carbenicillin was inoculated with 80 uL of the overnight culture and
grown for additional 24 h at 30°C. Cells were then harvested by centrifugation at 3000 rpm for
0.5 h and stored as pellets at -80°C until purification. For purification of the fusion protein, the
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cell pellets were thawed on ice in the presence of 1 mL of chilled lysis buffer consisting of 50
mM Tris pH 8.0, 300 mM NaCl, 5 mM Imidazole, 5 mM MgCl,, 2 uL/mL Lyzonase (EMD
Millipore), 1 tablet of cOmplete™, EDTA-free protease inhibitor cocktail (Roche) /50 mL of
buffer. Resuspended cells where then transferred to a 48-well pyramid bottom storage plate
(E&K Scientific) and sonicated for a total of 3 min with 1 min pulses. The soluble lysate frac-
tion was isolated by centrifugation at 5200 rpms for 0.5 h. The resulting supernatant was then
divided in half and filtered by passing through two UNIFILTER 96-well microplates (GE
Healthcare). His(6) purification of the protein was automated using the Oasis liquid handler
(Dynamic Devices, Inc.) and Ni-IMAC tips (PhyNexus Inc). Purified protein was then quanti-
tated using Nanodrop and analyzed with SDS-PAGE.

Folding analysis of recombinant DCPs by LC/MS

TEV protease was used to separate the DCPs from the protein tags. EDTA (0.5 mM) and TEV
protease (0.025 mg/mL) were added to 10 pL of the purified fusion proteins from above and
the reaction was left at room temperature overnight. The products were then analyzed using
an analytical LC-MS (Agilent 1260 Infinity) equipped with a PLRP-S reversed phase column
(Agilent, PL1912-1802) with a flow rate of 0.5 mL/min and linear gradient of 15-60% acetoni-
trile with 0.05% TFA over 6 min.

Generation of synthetic DCPs

Linear peptides were synthesized and purified as described previously [35, 42, 43]. They were syn-
thesized on a CS Bio peptide synthesizer (CS136M) with standard Fmoc synthesis on 2-chlorotri-
tyl resin and cleaved from resin with TFA:EDT:TIPS:H,O 94:2:2:2. Linear peptides were then
purified with a C4 or C18 reversed phase HPLC column. Small scale folding analysis was per-
formed using various folding buffer for three days at room temperature (S2 Table in S2 File). The
folding reactions from day 1, 2, and 3 were monitored by LC-MS to analyze folding efficiency.
Typically, one major peak containing the three disulfide bonds corresponding to folded DCP was
observed from the UV trace after 1 or 2 days. Large quantity of linear DCPs was then folded in
the optimal folding buffer (for this study, most DCPs were folded at 0.5 mg/mL concentration in
0.1 M ammonium bicarbonate, pH 9.0, 2 mM reduced glutathione, 0.5 mM oxidized glutathione,
4% DMSO; or 0.1 M ammonium bicarbonate, pH 8.0, 1 mM reduced glutathione, 50% DMSO
for 24 h at room temperature with shaking). Excess salt was removed by C18 Sep-Pak (Waters, cat
# WAT043345) and the folded DCPs were lyophilized, reconstituted in DMSO:H,O (1:1) and
then purified with a C18 reversed phase HPLC column. The final products were confirmed by
LC-MS (the same analysis method as recombinant DCPs). Peptide content was calculated using
amino acid analysis performed by the Proteomics Core facility at UC Davis (Davis, CA) or CS Bio
(Milpitas, CA). Select peptides were synthesized by CS Bio (Milpitas, CA).

Protein biotinylation

100 uL of 50 uM of protein of interest was incubated with 100 uM of EZ-link-NHS-PEG4-bio-
tin (Thermo Fischer Scientific) for 2 h at room temperature. The reaction was quenched with

10 mM Tris pH 8.0, followed by dialysis into PBS overnight at 4°C. The final biotinylated pro-
tein was analyzed using LC-MS. Typically, each protein was labeled with 1-2 biotin molecules.

Panning using the DCP phage libraries

The DCP phage libraries were pooled into three major groups as shown in S2 Table of S2 File:
Lib 1, Lib 2, and Lib E. The libraries were subjected to four rounds of selection in solution on
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biotinylated human IgG Fc (Jackson Immunoresearch Labs Inc. cat# 009060008, Biotin-
SP-ChromPure Human IgG, Fc fragment), biotinylated human serum albumin (Rockland
Immunochemicals, Inc. cat# 009-0633), biotin-PDGF-bb (R&D Systems, cat# BT220-010/
CF), biotin-VEGF-A (8-109, Genentech), or biotin-Ly6E-rat IgG2b Fc (Genentech) as
described previously [35] with modification. Briefly, for the first round, 20 pg of biotinylated
protein was incubated with the phage libraries for 2 h at 4°C, the mixture was incubated with
100 pL pre-blocked (with PBS containing 0.5% BSA, 2 h at room temperature) streptavidin
beads (Dynabeads M-280 Streptavidin, ThermoFisher Scientific) for 15 min at room tempera-
ture to capture the phage bound to the biotinylated protein. The beads were then washed with
PBS containing 0.05% tween 20 and the bound phages were subsequently eluted using 400 pL
of 100 mM HCl and neutralized by adding 60 pL of 1 M Tris pH 11. The phage was amplified
and purified for the next round. For round two, 10 pg biotinylated protein was used; for round
three, 5 pg biotinylated protein was used and the protein-phage mixture was captured with
neutravidin coated on 96-well plates; for round four, 2.5 ug biotinylated protein was used and
the protein-phage mixture was captured with streptavidin coated on 96-well plates. To calcu-
late the enrichment levels at rounds 3 and 4, 10 X serial diluted phage (eluted from panning
against the target protein or BSA) was plated onto LB/carb plates and cultured overnight at
37°C. The enrichment fold was calculated by dividing the colony numbers from target protein
panning by those from negative control (BSA only). For panning against human serum albu-
min, ovalbumin was used instead of BSA. After the 4™ round of panning where enrichment
was typically observed, clones binding to target were analyzed by phage spot ELISA and the
sequences of these clones were verified by Sanger sequencing. Eluted phage from third and
fourth rounds was subjected to NGS using MiSeq (Illumina).

Phage competition ELISA

To analyze the competitive binding to the target protein for the synthetic DCP and its phage
counterpart displaying the same DCP, 384-well plates were coated with 2 pg/mL of neutravidin
in PBS overnight at 4°C. The plates were blocked with PBS containing 0.5% BSA and incubated
with biotinylated human IgG Fc or serum albumin for 20 min at room temperature. Serial
diluted synthetic DCP was pre-incubated with phage for 30 min at room temperature then the
mixture was added to the 384 well plates for 30 min at room temperature. The plates were
washed and incubate with anti-M13 antibody (1:10,000, HRP conjugated, Creative Diagnostics,
cat# CAB-655M) for 30 min at room temperature, followed by washing, development and
quenching (1 M H3PO4). The absorbance at 450 nm was recorded to calculate the ICs, values.

Surface Plasmon Resonance (SPR)

SPR measurements were carried out on a Biacore S200 instrument (GE Healthcare) with PBS-T
(PBS with 0.05% Tween 20, pH 7.4) as the assay buffer as described previously [35, 42]. For
kinetic measurements, biotinylated protein was captured on three separate sensor channels of a
Series S SA Sensor chip (GE Healthcare). The chip was then blocked with 0.1 mg/mL free biotin.
A concentration series of the DCP were injected to the chip. Data were double-referenced by
subtracting the signal from a control sensor channel (coated with biotin only) and the signal
from a buffer injection. Binding data were fitted using the manufacturer’s software (1:1 or two
state binding model for single-cycle kinetics or steady-state model for multi-cycle kinetics).

DCP serum stability assay

The DCPs were incubated in human serum (Sigma, cat# H1388) at a concentration of 0.2 mM
(~ 0.7 mg/mL) at 37°C for 24 h. All samples (time 0 and 24 h) were flash frozen in liquid
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nitrogen at—20°C until sample preparation. To extract DCPs, 50 uL of sample was added to
100 pL of ice cold acetonitrile with 0.1% formic acid and mixed thoroughly with a Vortex
mixer. The samples were then centrifuged at 14000 x rpm at 4°C for 30 minutes. 80 pL of the
supernatant from each sample was diluted into 80 pL of water containing 0.1% formic acid
and analyzed using LC-MS. From the HPLC UV trace (at 220 nm), the DCP peak area of the
24 h incubation sample was integrated and normalized to the DCP peak area of the 0 h incuba-
tion sample (set as 100%) [44].

Results

Design and generation of additional DCP phage libraries

To improve the diversity of the DCP phage libraries, we chose five wild-type DCP scaffolds
(Mch-1, gurmarin, Asteropsin-A, AMP-1, and CPI) and randomized the amino acid sequence
in their hypervariable loop regions to generate 26 new DCP phage libraries (Fig 1A and S1
Table in S2 File). These five DCPs come from phylogenetically diverse sources and display a
wide range of pharmacological activities. Mch-1 [37], gurmarin (rat/mouse sweet-taste recep-
tor inhibitor) [38], CPI (carboxypeptidase inhibitor) [41], and AMP-1 (antimicrobial peptide)
[40] were isolated from plants (Momordica charantia, Gymnema sylvestre, potato, and Amar-
anthus caudatus, respectively), while Asteropsin-A (neuronal Ca”" influx enhancer) [39] was
identified from marine sponge. They demonstrate remarkable enzymatic and thermal stability
[45, 46], and are amenable to sequence changes [47]. Select loops were randomized alone or in
combination with other loops to maximize the diversity and therefore increase the probability
of identifying diverse binders. For the Mch1 libraries, we randomized loop 2 (retained its origi-
nal length, 7 residues), loop 5 (varied from 7 to 11 residues), or both loop 2 and 5 together, to
generate seven libraries. For the gurmarin libraries, we deleted the N terminal pyroglutamic
acid and randomized loop 4 (varied from 7 to 11 residues) to generate three libraries. Two
Asteropsin-A libraries were generated with loop 3 randomized (varied from 6 to 8 residues).
And seven AMP-1 libraries were constructed with randomized loop 1 (varied from 4 to 8 resi-
dues), loop 2 (retained its original length, 4 residues), or loop 1 and 2 together. Lastly, we gen-
erated seven CPI libraries consisting of randomized loop 2 (retained its original length, 5
residues), loop 5 (varied from 6 to 10 residues), or both loop 2 and 5 together, all with the first
two amino acids (QQ) deleted (S1 Table in S2 File).

We constructed these libraries by fusing the N-terminal gD-tagged DCPs to the N terminus
of the M13 major coat protein pVIIIL The phage libraries were quality-controlled by next-gen-
eration sequencing (NGS) analysis before proceeding to the selection step. Combined with the
previously engineered libraries [35, 36], we have developed in total fifty-nine individual DCP
phage libraries based on thirteen DCP scaffolds (S1 Table in S2 File). To streamline the screen-
ing process, these DCP phage libraries were pooled into three groups (Lib E, containing
EETI-II libraries; Lib 1, containing AVR9, Circulin-A, conotoxin-MVIIA, Huwentoxin, Char-
ybdotoxin, CBD, CBD amylose libraries; and Lib 2, containing Mch1, gurmarin, Asteropsin-
A, AMP-1, CPI libraries) for phage panning (S1 Table in S2 File).

Development of a DCP discovery platform through optimized
recombinant and synthetic DCP production methods

To develop an efficient DCP discovery platform, we sought to optimize the synthetic and
recombinant DCP production methods. First, we selected several prototypical cysteine con-
strained scaffolds to test the efficiency of recombinant production of DCPs. Some of these scaf-
folds, such as AVRY, Circulin-A, conotoxin-MVIIA, Huwentoxin, Charybdotoxin and CBD
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disulfide bonds. The folding product then was desalted using a C18 column, lyophilized and purified through HPLC. The
final product was lyophilized and analyzed with LC-MS. (E) Workflow of DCP phage panning. DCP phage libraries were
used to select against specific protein targets, followed by washing and elution of the phage displaying DCPs binding to the
target. The selection process was repeated four times to improve binder affinity as well as specificity. Individual phage
containing DCP binders was isolated and ranked using phage spot ELISA, Sanger sequencing and NGS. The cartoon was
created with BioRender.com.

https://doi.org/10.1371/journal.pone.0299804.g001

have been included in the design of the original DCP phage libraries (Lib 1 in S1 Table of S2
File). We also included the cyclotide kalata B1 [13, 48, 49] and a thrombin inhibitor derived
from it, kalata thrombin [50], as open-chain DCPs with a break in loop 2 (GTCNTPGCTCSW
PVCTRNGLPVCGETCVG for kalata Bl and GTCNTPGCTCSWPVCIDGGRLMCGETCVG for
kalata thrombin). A few bacterial expression systems have been successfully applied for
expressing a number of disulfide rich proteins or naturally existing DCPs [51, 52]. To develop
a generalizable method for high throughput DCP production, we first tested the commercially
available pET vector system for expressing these wild-type DCPs in E.coli cytoplasm or in the
oxidizing environment of the periplasm. Expression in the periplasmic environment was eval-
uated by fusing the wild-type DCP construct to the maltose-binding protein (MBP), which
contained a MalE secretion signal for targeting. Of the nine DCPs we tested, three DCPs (con-
otoxin-MVIIA, Huwentoxin, and Charybdotoxin) could not be recovered after TEV protease
digestion; whereas two DCPs (kalata B1 and Min23) were isolated as a mixture consisting of
fully oxidized and partially oxidized peptides (S1, S2 Figs in S1 File). The remaining peptides
(kalata thrombin, AVRY, Circulin-A, and CBD) were isolated as fully oxidized isomers with
yields of ~10 mg/L (S1 Fig in S1 File). In a parallel effort, the feasibility of expressing DCPs in
the reducing cytoplasm of bacteria was also assessed by replacing MBP with the disulfide isom-
erase, DsbC (S1 Fig in S1 File). The DsbC protein has been successfully used as a fusion tag for
isolation of several disulfide rich proteins from E.coli cytoplasm, where the best yields were
reported from the BL21(DE3) pLysS strain [53]. Thus, the expression of three different DCPs
(kalata B1, Min23, CBD) was tested as fusions to DsbC in the pLysS strain. All three peptides
were successfully purified from the soluble fraction with high yields (>10 mg/L) as fusions to
DsbC (S1 Fig in S1 File). However, analysis of the purified material via LC-MS after cleavage
with TEV protease indicated that every peptide contained a modification corresponding to an
addition of 163-165 Da (S2 Fig in S1 File). Our attempts to identify the modification via pep-
tide digestion followed by mass spectrometry methods were unsuccessful.

Given the partial success of isolating fully oxidized DCPs when targeted to the periplasm
and the observed modification when expressed in the cytoplasm, we next explored utilizing a
pST239 vector containing a heat-stable enterotoxin II (STII) secretion signal for protein
expression. This particular vector backbone has been previously used for purifying functional
full-length antibodies [54] as well as a large number of bispecific antibodies from E. coli peri-
plasm [55]. We rationalized that the STII secretion signal which exports proteins co-transla-
tionally would result in higher success rate of obtaining fully oxidized DCPs by limiting
exposure to the cytoplasmic environment compared to the post-translational secretion by
MalE signal [56]. In addition, the expression of this plasmid can be conducted in a W3110
derivative strain which would enable the use of existing 10-liter bioreactor conditions for pro-
ducing these fusion peptides in large scale if needed. Three different soluble fusion tags (MBP,
SUMO and ubiquitin) were tested against nine different wild-type DCPs (kalata B1, kalata
thrombin, AVR9Y, Circulin-A, conotoxin-MVIIA, Huwentoxin, MIN23, Charybdotoxin and
CBD). As illustrated in S3-S5 Figs of S1 File, we were able to obtain fully oxidized DCP using
any of the three tags (except MBP tagged AVR9), with MBP- and SUMO-tagged fusion
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proteins showing the highest yields. For the ubiquitin-tagged fusion protein expression, a trun-
cation product with 9445 Da mass was observed routinely that varied in abundance (S5 Fig in
S1 File). Since the size of the SUMO tag is smaller than MBP, which resulted in higher yields of
DCP itself, we selected His(6)-SUMO-TEV-DCP as the construct to be utilized in the high
throughput triaging platform. We chose TEV protease to remove the His(6)-SUMO due to its
high efficiency and specificity. The His(6)-SUMO-TEV-DCP fusion proteins could be recom-
binantly overexpressed and purified using an automated liquid handler (Oasis) with Ni-IMAC
tips (PhyNexus Inc). The expression profile of the fusion proteins was then analyzed with
SDS-PAGE (Fig 1B and S4 Fig in S1 File). After TEV protease digestion, the folding (disulfide
bond formation) of the DCPs was assessed by LC-MS (Fig 1C and S5 Fig in S1 File).

While recombinant expression methods proved successful, synthetic production of DCPs is
traditionally used for large scale production and incorporation of chemical modifications. Pre-
vious studies have shown that DCPs could be produced synthetically by either folding the lin-
ear peptide in a redox buffer where the disulfides shuffle until they reach the most
thermodynamically favorable conformation [57], or by orthogonal protection of the cysteine
side chain during solid phase peptide synthesis followed by selective deprotection and disulfide
bond formation one at a time [58]. We reasoned that the thermodynamic folding method is
more time- and cost-efficient, and developed a generalizable approach for DCP production by
testing different folding conditions of the linear peptides. Chemical folding conditions for
DCPs were optimized with different buffer systems, organic solvents, and redox reagents (S2
Table in S2 File). We identified two optimal conditions (S2 Table in S2 File) under which
majority of the linear peptides could be folded into one major folded DCP product with three
disulfide bonds. The folded products were then analyzed using LC-MS (S6 Fig in S1 File). The
optimal DCP folding conditions were then applied to large scale chemical production and
purification (through desalting and HPLC) of DCPs (Fig 1D and S6 Fig in S1 File). The high
throughput expression system developed here provides a robust and efficient method to gener-
ate a large number of DCPs in small quantities readily available for screening, while the chemi-
cal synthesis/folding method is suitable for large scale production (gram level) of DCPs, and
addition of chemical moieties (such as unnatural amino acids and drug payloads) to DCPs.

We subsequently streamlined the DCP phage panning process for binder identification,
production and validation. The DCP phage libraries were used to select against specific protein
targets, followed by washing (to get rid of the non-specific binders) and elution of the phage
displaying DCPs binding to the target (Fig 1E). The selection process was repeated four times
to improve binder affinity as well as specificity. Individual phage containing DCP binders
were isolated and ranked using phage spot ELISA, Sanger sequencing and NGS (Fig 1E and S7
Figin S1 File). To produce DCP binders, firstly, small quantities of recombinant DCPs were
obtained using the high throughput expression/purification system to test the folding of the
DCP variants, then the top DCP candidates (selected based on the ELISA, NGS and expression
data) were chemically synthesized/folded to produce larger quantities of DCPs for biochemi-
cal, biophysical and functional characterization (S7 Fig in S1 File). The best binders from this
round of screening could be used as templates for further affinity maturation to achieve
desired affinity [35]. This workflow described herein is highly efficient and provides a robust
platform for developing DCP agonists/antagonists.

Identification and production of DCP binders to human IgG Fc (Ig-DCP)
and human serum albumin (Hs-DCP)

We tested our expanded DCP phage platform by screening for DCP binders against two
plasma proteins, human IgG Fc and human serum albumin. After four rounds of selection,
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1000 X, 100 X, or 30 X enrichment (calculated through dividing the number of binder phage
colonies against the target by those against the control) was observed for panning against
human IgG Fc using libraries Lib 1, Lib E, or Lib 2, respectively (S8 Fig in S1 File). For selec-
tion against human serum albumin, 30 X and 50 X enrichment was observed after four rounds
of panning using Lib 1 or E, respectively. We then analyzed the target-binding phage using
phage spot ELISA/Sanger sequencing and NGS (S9, S10 Figs in S1 File, S3-S10 Tables in S2
File). NGS offers high resolution overviews of the large sequence collections [59], while Sanger
sequencing, together with phage spot ELISA, provides preliminary binding data of the lead
peptides. Sanger sequencing and NGS analysis revealed several unique conserved sequence
motifs from various DCP scaffolds such as AMP-1 (Ig-AMP, against human IgG Fc), cono-
toxin-MVIIA (Ig-CON, against human IgG Fc), EETI-II (Ig-EET, against human IgG Fc) and
Charybdotoxin (Hs-CHR, against human serum albumin) (Fig 2A and S9, S10 Figs in S1 File).
Interestingly, the same sequence motif “S-X-I-S” was identified from two different DCP scaf-
folds (conotoxin-MVIIA and AMP-1) through independent selection process (library group 1
and 2) (Fig 2A and S9, S10 Figs in S1 File), suggesting that this is likely a strong binding motif
to IgG Fc and that Ig-CON and Ig-AMP DCPs might share overlapping epitopes on the target.
Furthermore, Hs-CHR DCPs, containing the sequence motif “D/E-E/D-I-C” (Fig 2A), par-
tially share a similar sequence motif to SA21, a previously reported human serum albumin
binding peptide (RLIEDICLPRWGCLWEDD) [10]. We then ranked the hits based on the
information obtained from phage spot ELISA, Sanger sequencing and NGS, and selected top
DCP variants for expression/folding analysis using the high throughput recombinant triaging
platform described above. Analysis of the SUMO tagged DCPs by SDS-PAGE (Fig 2B and S11
Fig in S1 File) showed that majority of overexpressed DCP fusion protein contained minimal
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N

@
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Fig 2. Identification of DCP binders to human IgG Fc or human serum albumin. (A) Representative sequence consensus analysis of top
binders from phage spot ELISA. From left to right: Ig-CON DCPs (loop 2, 11 aa variants, n = 21); Ig-AMP DCPs (loop 2, 4 aa variants, n = 9);
Hs-CHR DCPs (loop 3, 4, 5 and N-term, n = 9). (B) Recombinant production of Ig-DCPs (MW: 16-17 kD). Representative SDS-PAGE analysis
of purified His(6)-SUMO-TEV-DCPs. Left panel: Ig-CON-1, MW: 16276.2 kDa; Ig-CON-2, 16625.6 kDa; Ig-CON-3, 16451.3 kDa; Ig-CON-4,

16283.2 kDa; Ig-CON-5, 15994.9 kDa; Ig-CON-6, 16438.4 kDa; Ig-CON-7, 16629.5 kDa; middle panel: Ig-AMP-1, MW: 16114.1 kDa; Ig-AMP-

2, MW: 16057 kDa; Ig-AMP-3, MW: 16114 kDa; Ig-AMP-4, MW: 16073 kDa; right panel: Ig-EET-1, MW: 16555.5 kDa; Ig-EET-2, MW:

16306.2 kDa; Ig-EET-3, MW: 16171.1 kDa; Ig-EET-4, MW: 16415.4 kDa.

https://doi.org/10.1371/journal.pone.0299804.9002
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degradation, a sign of good stability. Further examination of the TEV protease treated samples
using LC-MS revealed that > 70% of the selected variants (for both Ig-DCPs and Hs-DCPs)
contained DCP products with three disulfide bonds (S12 Fig in S1 File and S11 Table in S2
File). We then selected the most interesting sequences based on binding (phage spot ELISA,
Sanger sequencing and NGS) and expression data, and chemically synthesized/folded these
DCPs (S13 Fig in S1 File and S12 Table in S2 File). The DCPs were chemically synthesized as
linear peptides and folded in the optimized buffer system, desalted and purified with reversed
phase HPLC. LC-MS was used to confirm the identity and high purity (> 97%) of the peptides
(S13 Fig in S1 File).

DCPs bind to human IgG1 Fc or human serum albumin with sub-
micromolar affinity

We then measured the IgG Fc binding affinity of these synthetic DCPs. Using SPR, we identi-
fied binders against human IgG Fc with sub-micromolar affinity (Fig 3A and 3B and S12
Table in S2 File). We also showed that the synthetic DCPs can compete with their own phage
counterparts for binding to their cognate target proteins immobilized on the plate using phage
competition ELISA (Fig 3C and 3D and S12 Table in S2 File). These results indicate that the
synthetic DCPs shared the same folds and binding mode as DCPs displaying on phage surface.
Furthermore, we performed large scale bioproduction of Ig-CON-5 to show that recombinant
Ig-CON-5 shared similar affinity to synthetic Ig-CON-5 (S14 Fig in S1 File).

For the selection against human serum albumin, several synthetic DCPs from the Charyb-
dotoxin scaffold demonstrated binding to human serum albumin in phage competition
ELISA, with Hs-CHR-3 showing the lowest ICs, (Fig 3C and 3D and S12 Table in S2 File).
SPR analysis further confirmed the result (Kp = 0.44 pM) (Fig 3A and 3E and S12 Table in S2
File). We speculate the lower success rate of human serum albumin panning (binders derived
from only one scaffold) could be due to the interference of non-specific binding between the
target protein and phage particles (rather than specific peptides displayed on them). This
could be circumvented by modifying the panning protocol with more stringent washing con-
ditions to reduce non-specific binders.

Ig-DCPs and Hs-DCPs display high specificity to their targets and are
stable in human serum

To assess the cross-species specificity of the I[g-DCPs, we compared the binding affinity of Ig-
CON-5, Ig-AMP-1, Ig-AMP-3 and Ig-EET-1 to human, rabbit, and mouse IgG Fc by SPR.
Sequence alignment of human, rabbit, rat and mouse IgG Fc (gamma chain) reveal that
human and rabbit IgG Fc share 72% identity while human and rat/mouse IgG Fc are less iden-
tical (65% and 64%) (S13 Table in S2 File). Indeed, in comparison with human IgG Fc, Ig-
DCPs bind less potently to rabbit and very weakly to mouse IgG Fc (Fig 4A). In normal
human serum, IgG accounts for ~80% of the total immunoglobulin, with ~15% IgA, ~5% IgM,
~0.2% IgD, and trace amount of IgE [60]. We tested the binding capacity of the DCPs against
IgA and IgM using SPR and demonstrated that these peptides only bind to IgG (Fig 4A). Simi-
larly, Hs-CHR-3 showed high specificity to human serum albumin, with lower or undetectable
binding affinity against rabbit, rat and mouse serum albumin (Fig 4B), probably due to the rel-
atively low sequence identity (71-72%) shared between these different species (S14 Table in S2
File). Taken together, the data here indicate the Ig-DCPs and Hs-DCPs are highly specific to
their individual targets.

The stability of plasma protein binding peptides is critical for half-life extension. Degrada-
tion, aggregation, or enzymatic digestion of these peptides in human blood could lead to faster
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Fig 3. Synthetic DCPs bind to human IgG Fc or human serum albumin with sub-micromolar affinity. (A) Sequences of top DCP binders to human IgG Fc
or human serum albumin. Loops that have been changed from the wild-type DCP sequences are highlighted in color. DCP variants with signal (binding against
the target) to noise (binding against the control) (s/n) ratios (from phage spot ELISA) higher than 4 were selected and tested according to the procedure
illustrated in Fig 1D, and the lead DCPs were chemically synthesized and analyzed with phage ELISA and SPR to identify the DCPs with the highest binding
affinity from each scaffold. (B) Representative SPR sensorgrams showing dose response binding of top DCP binders to immobilized human IgG Fc (measured
by single-cycle kinetics). Black: raw data; red: fitted data. (C) Phage competition ELISA shows synthetic DCPs compete with DCPs displayed on phage surface
for binding against human IgG Fc or serum albumin. (D) Comparison of ICs5, and Kp, values of the top DCP binders against human IgG Fc or serum albumin.
Open bar, ICs, values from phage ELISA; filled bar, Kp, values from SPR. All values were averaged from three independent runs. Error bar: standard deviation
from at least three independent experiments. (E) Representative SPR sensorgram showing dose response binding of Hs-CHR-3 to immobilized human serum
albumin (measured by multi-cycle kinetics with a 3-fold serial dilution starting from 5 uM).

https://doi.org/10.1371/journal.pone.0299804.9003

in vivo clearance. To examine the stability of these DCPs in human blood, we incubated Ig-
EET-1, Ig-CON-5, Ig-AMP-1 and Hs-CHR-3 in 100% human serum for 24 h at 37°C, then
quantified the percentages of remaining peptides using LC-MS. Two DCPs, Ig-AMP-1 and
Hs-CHR-3, showed remarkable stability, with 100% of the original DCP molecules retained
after 24 h at 37°C in human serum (Fig 4C). For Ig-EET-1 and Ig-CON-5, even though
LC-MS analysis did not identify any small peptide fragments, it is still not clear if the 40-50%
loss of peptides after 24 h is due to aggregation, degradation or enzymatic digestion of the pep-
tides. Further analysis is required to elucidate the cause of the instability.
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Fig 4. DCPs bind at distinct epitopes on IgG and human serum albumin. (A) Ig-DCPs bind less potently to rabbit and very weakly to
mouse IgG Fc. They specifically bind to human IgG Fc over human IgA or IgM. Protein A was used as a control. Red: estimated values
due to poor fitting. *: estimated value due to possible non-specific binding. (B) Hs-Chr-3 binds to human and rat (weakly), but not to
rabbit or mouse albumin (N.A., not applicable). All Kp, values were obtained using SPR. SA21 was used as a control. (C) Select Ig- and
Hs-DCPs are stable in 100% human serum for at least 24 h at 37°C. DCP samples were analyzed using LC-MS and percentage of
remaining peptide was calculated. Open bar, 0 h; solid bar: 24 h. Error bar: standard deviation from three independent experiments. (D)
Ig-AMP-1 and Ig-CON-5 bind to a similar epitope. In the phage competition ELISA assay, Ig-AMP-1 and Ig-CON-5, but not Ig-EET-1,
potently inhibited the interaction between biotinylated hIgG Fc and phage displaying Ig-AMP-1. (E) In the protein A-Fc interaction
ELISA, the hIgG Fc binding peptide, Fc-III, but not Ig-CON-5 or Ig-AMP-1, disrupted the protein A (immobilized on the plate)-hIgG
Fc binding. Ig-EET-1 also partially disrupted the binding between protein A and hIgG Fc. (F) Ig-EET-1 binds to a different epitope from
Fc-III. In the phage competition ELISA assay, Ig-EET-1, but not Fc-III, potently inhibited the interaction between biotinylated hIgG Fc
and phage displaying Ig-EET-1. Error bar: standard deviation from duplicate samples. Representative data from at least three
independent experiments are shown. (G) Model of the mode of action of Ig-EET-1, Ig-AMP-1, Ig-CON-5 and Fc-III. Fc-III binds to the
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protein A binding pocket (the hinge between CH2 and CH3 domains) on hIgG Fc, whereas Ig-EET-1 binds to an epitope partially
overlapping with the protein A binding site. Fc-IIT and Ig-EET-1 do not share binding epitopes. Ig-CON-5 and Ig-AMP-1 largely share
the same binding epitope on hIgG Fc, which is away from the protein A binding pocket. They both partially share binding epitopes with
Ig-EET-1. (H) Hs-CHR DCPs share partial binding epitope with SA21. In the phage competition ELISA assay, all synthetic Hs-CHR
DCPs potently inhibited the interaction between biotinylated human serum albumin (immobilized on the plate) and phage displaying
Hs-CHR-3. SA21 partially disrupted the interaction. Error bar: standard deviation from duplicate samples. Representative data from at
least three independent experiments are shown. (I) Model of the mode of action of Hs-CHR DCPs. Hs-DCPs bind to the similar epitope
on human serum albumin, which partially overlap with the SA21 binding site.

https://doi.org/10.1371/journal.pone.0299804.9004

DCPs bind to distinct epitopes on IgG Fc and human serum albumin

We then used phage competition ELISA to further investigate the binding mode of the DCPs.
In this assay setup, various synthetic DCPs compete with phage displaying one specific DCP
immobilized on the plate. As shown in Fig 4D and S15 Fig in S1 File, synthetic Ig-EET-1, but
not Ig-AMP-1 or Ig-CON-5, blocked the interaction between phage displaying Ig-EET-1 and
human IgG Fc (immobilized on the plate). Moreover, synthetic Ig-AMP-1 and Ig-CON-5, but
not Ig-EET-1, potently inhibited the interaction between phage displaying Ig-AMP-1 or Ig-
CON-5 and human IgG Fc (immobilized on the plate). These data indicate that Ig-AMP-1 and
Ig-CON-5 bind to a similar epitope, which partially overlaps with the binding epitope of Ig-
EET-1. The results are consistent with the observation that Ig-AMP-1 and Ig-CON-5, but not
Ig-EET-1, share the same sequence motif “S-X-I-S” (Figs 2A and 3A).

To further map the binding epitopes of the Ig-DCPs on human IgG Fc, we developed a pro-
tein A-human IgG Fc competition ELISA. We took advantage of the fact that protein A binds
at the CH2-CH3 interface of IgG Fc. Leveraging a previously identified human IgG Fc binding
peptide, Fc-III [9], as a positive control, we showed that it disrupted the binding between pro-
tein A and human IgG Fc as expected. This observation is consistent with a previous report
demonstrating that Fc-III binds to the interface between CH2 and CH3 domains of IgG Fc [9],
a binding site recognized by a number of other proteins (including FcRn, protein A and pro-
tein G) (Fig 4E). DCP Ig-EET-1 partially disrupted the binding between protein A and human
IgG Fc, indicating partial overlap between the binding sites of protein A and Ig-EET-1. In con-
trast, neither Ig-AMP-1 nor Ig-CON-5 competed with protein A, suggesting a different bind-
ing mode (Fig 4E). In the Ig-EET-1 phage competition ELISA, Fc-III did not compete with
phage displaying Ig-EET-1 (Fig 4F), indicating they bind to different epitopes. Taking
together, the data point to a model in which Ig-AMP-1 and Ig-CON-5 bind to a similar epitope
that is distinct from the protein A binding site at the CH2-CH3 interface (Fig 4G). Ig-EET-1
binds to a region that partially overlaps with both the Ig-AMP-1/Ig-CON-5 and protein A
sites, but does not compete with Fc-III (Fig 4G). We also demonstrated that synthetic Hs-CHR
DCPs competed with the Hs-CHR-3 phage, and SA21 could modestly inhibit the binding
between Hs-CHR-3 phage and human serum albumin (Fig 4H). The findings imply Hs-CHR-
1 and -3 bind to a similar epitope on human serum albumin, which partially overlap with the
SA21 binding site (Fig 4I).

Accelerated discovery of DCPs against VEGF-A (V-DCP), PDGF (P-DCP)
and Ly6E (L-DCP)

With the current set up of the discovery platform, it usually takes several weeks to complete
the process. To improve the efficiency of the platform, we explored if the discovery timeline
can be accelerated. As a test case, we used the libraries to select against three structurally and
functionally different proteins, human VEGF-A, PDGF, and Ly6E. Here we relied heavily on
NGS analysis (S14, S15 Tables in S2 File) to speed up the hit identification process. For

PLOS ONE | https://doi.org/10.1371/journal.pone.0299804 March 28, 2024 14/21


https://doi.org/10.1371/journal.pone.0299804.g004
https://doi.org/10.1371/journal.pone.0299804

PLOS ONE

Phage-displayed disulfide constrained peptide discovery platform

A

B

WT EETI-I
P-EET-6
L-EET-7

WT CON
V-CON-1
WT AMP
V-AMP-1

response (R

response (RU)

G
G
G
V-EET-3 G
C
Cc
\Y
\Y

20

OOARAXXOOOO
mmoOOI>»TT
OOXX-H - 02X

40

60

time (S)

100

40

60

time (S)

Fig 5. Discovery of DCP binders to human VEGF-A (V-DCP), human PDGF (P-DCP) or Ly6E (L-DCP). (A) Sequences of V-DCP, P-DCP or L-DCP.
Loops that have been changed from the wild-type DCP sequences are highlighted in color. (B, C) Representative SPR sensorgrams showing dose response
binding of top DCP binders to immobilized protein targets (V-EET-3 and V-CON-1 were measured by single-cycle kinetics; V-AMP-1 and P-EET-6 were
measured by multi-cycle kinetics with a 3-fold serial dilution starting from 50 uM). Black: raw data; red: fitted data. (D) Representative SPR sensorgrams
showing dose response binding of L-EET-7 to immobilized Ly6E-rat IgG Fc (left panel; black: raw data; red: fitted data), or rat/human IgG Fc (right panel;
black: raw data against rat IgG Fc; red: fitted data against rat IgG Fc; blue: raw data against human IgG Fc). All were measured by single-cycle kinetics.

https://doi.org/10.1371/journal.pone.0299804.9005
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VEGEF-A and PDGF, we used biotinylated proteins. For Ly6E, we used biotinylated Ly6E fused
to rat Fc to evaluate if different forms of protein would affect the selection outcome. Using the
information from NGS, we were able to identify DCP binders against VEGF-A from three dif-
ferent scaffolds (Fig 5A and 5B and S16 Table in S2 File), namely AMP-1 (V-AMP), EETI-II
(V-EET), and conotoxin (V-CON), and a binder against PDGF from the EETI-II scaffold
(P-EET-6, Fig 5A and 5C and S16 Table in S2 File). It is perhaps not surprising that the DCP
against Ly6E-rat Fc identified from the EETI-II scaffold, L-EET-7, also binds to rat Fc with a
similar affinity (Fig 5D and S17 Table in S2 File), since we have demonstrated that DCPs
against human IgG Fc can be identified from multiple scaffolds. L-EET-7 specifically binds to
rat Fc over human Fc, consistent with our findings that DCPs against Fc show good cross-spe-
cies specificity (Fig 4A). The data indicate that while different forms of proteins might offer
certain advantages (such as flexibility for immobilization), caution needs to be taken to ensure
specificity during the selection process. Under circumstances where the Fc-fused protein is the
desired form, a counter-selection with free Fc protein should be performed to eliminate
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binders against Fc. Nevertheless, the findings here demonstrated that the extended DCP phage
libraries can be used to identify binders against a wide range of protein antigens, and accelerated
discovery of DCP binder sequences (in ~5 days) can be achieved using NGS analysis alone.

Discussion

In this study, we describe a robust and highly effective DCP phage display platform with
improved diversity to identify DCP-derived binders against targets of therapeutic interest. The
efficient selection process combined with recombinant and chemical production of the hits
yields specific and stable DCP binders. Using this platform, we identified new binders against
different proteins (including human IgG Fc, serum albumin, VEGF-A and PDGF) from multi-
ple DCP scaffold backgrounds. The Ig- and Hs-DCPs showed sub-micromolar affinity against
their targets. They demonstrated excellent species/isoform specificity and were stable in
human serum. Identification of these human plasma protein DCP binders exemplifies the
application of the platform, and could offer alternative tools for half-life extension of peptides
and small proteins in general.

Here we expanded the DCP phage libraries by selecting five new scaffolds (Mch-1, gurmarin,
Asteropsin-A, AMP-1, and CPI) with different biochemical/biophysical and pharmacological
properties to enhance the diversity of the libraries. The high diversity of the extended libraries not
only contributes to the high success rate of the selection, but it also helps to obtain a panel of bind-
ers with broad topology, epitope coverage, and biochemical/biophysical properties, partially
inherited from the parent wild-type DCPs. From the primary panning against human IgG Fc, we
identified sub-micromolar DCP binders from three different DCP scaffolds, namely Ig-CON-5,
Ig-AMP-1, and Ig-EET-1. It is noteworthy that in all three lead DCP binders, only one single loop
of the wild-type scaffold was modified (Fig 3A). This leaves room for additional affinity matura-
tion at other loop regions. For example, in Ig-CON-5, loop 1, 3, and 4 can be subjected to hard
randomization to enhance the affinity, and all the loops can be soft randomized to further fine
tune the affinity [35]. Moreover, unnatural amino acids could be readily incorporated into these
DCPs, unlike antibodies. This offers another means to improve desired properties including affin-
ity, solubility or stability. Other approaches towards optimization of DCP binders could also be
incorporated into the platform due to the versatility of the panning process. The panning protocol
could be modified to include stringent washing steps, protease digestion or temperature con-
trolled incubation to screen for binders with high affinity or stability. Furthermore, when coupled
with whole cell panning, the platform could be applied to selection of DCPs binding to specific
cancer cells [61] or internalizing into specific subcellular locations [62].

Some of the wild-type DCPs described in this work have previously been produced by syn-
thetic chemical methods. For instance, gurmarin was produced by thermodynamic oxidation
of the linear peptide in a Tris—-HCI based redox buffer, or by using orthogonal cysteine side
chain protecting groups allowing stepwise selective formation of disulfide bonds [63]. We pre-
fer thermodynamic folding over the orthogonal oxidation method for most cases due to the
overall yield, time, cost, and simplicity of the approach [63]. The disadvantage of this method,
however, is that different DCPs often require different folding conditions. To circumvent this,
through extensive evaluation of different oxidation buffer systems, we identified two nearly
universal buffer systems in which a large number of synthetic linear DCP hits could be folded
systematically and efficiently. We further showed that the chemically synthesized/folded DCPs
could compete with DCPs displayed on phage for binding to their targets (Fig 3), suggesting
that they shared the same overall fold.

Although the synthetic method is great for UAA incorporation, DCP synthesis is often
associated with high cost, especially with a large number of hits. Recombinant DCP
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production offers an alternative way to generate DCPs in a streamlined and high throughput
manner. Production of functional DCPs in E. coli requires formation of the disulfide bonds. It
has been shown that for Fab production, the PhoA promoter has higher secretion ability than
the T7 promoter, and the signal peptide STII demonstrate higher extracellular secretion effi-
ciency than pelB [64, 65]. We took advantage of the PhoA-STII expression system where the
DCP construct is targeted to the periplasmic space for oxidative folding, providing a universal
method for biological production of DCPs with good yield and high throughput. The method
also enables scalability and the production of isotope (*>N/"3C) labeled DCPs [52] for NMR
studies. Information obtained from structure-activity relationship studies using NMR spec-
troscopy will be of great use to guide affinity maturation or stability improvement of the lead
DCP molecules.

The use of plasma protein binding ligands has proven to be an effective strategy to achieve
half-life extension of peptide and small protein therapeutics. Conjugation of chemical moie-
ties, such as lipids or PEG chains, has been extensively used for this purpose [66, 67]. However,
the long-term safety of PEGylation remains elusive [68]. Lipidation also exhibits other inher-
ent limitations such as hydrophobicity and lack of specificity [69]. Peptides that bind to plasma
proteins could circumvent these shortcomings, but they also have liabilities such as low serum
stability, thereby limiting their use in systemic therapeutic applications [70, 71]. During drug
discovery campaigns, tremendous efforts are typically dedicated to stabilize peptides against
proteases that are present in serum. Replacing the labile natural amino acids with unnatural
amino acids is one of the preferred methods to improve peptide stability [72]. For instance, a
recent study demonstrated that the intestinal stability of oxytocin (OT) can be dramatically
improved (t,,,°"F >24 h (SIF-simulated intestinal fluid)) by grafting OT-like sequences into
loops of inhibitory cystine-knot (ICK) peptides [73]. Here we developed stable DCP-based
plasma protein binding peptides (Ig-AMP-1 and Hs-CHR-3) without engineering UAAs into
the peptide sequence. The intrinsic stability introduced by their disulfide constrained confor-
mation, together with the great specificity, makes CKPs/DCPs attractive scaffolds for develop-
ment of half-life extension tools. It is noteworthy that future exploration of the in vivo half-life
and immunogenicity of small proteins conjugated to these DCPs is warranted, as binding to
serum proteins with longer half-life could alter the immunogenicity of the peptides.

In summary, the DCP discovery platform described encompassing phage-displayed DCP
libraries combined with small-scale high throughput recombinant production and large-scale
synthetic production enables rapid identification of DCP binders that could have applications
in peptide therapeutics development. In our experience, the high diversity and different con-
formations of the DCP binders could be beneficial in cases where antibody discovery cam-
paigns failed to yield functional molecules and therefore serve as an alternative modality for
controlling the function of target proteins and their signaling in cells.
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